accomplished by a daily resetting mechanism. Light exposure early in the subjective night phase delays the oscillator, whereas light exposure late in the subjective night results in phase advances. Thus, light exposure at dusk is used to reset the clock of organisms having a circadian period < 24 h, whereas light exposure at dawn is used to reset the clock of organisms having a circadian period > 24 h. Photic signals that reset the circadian clock are transmitted from glutamatergic retinal ganglion cells to the SCN via the retinohypothalamic tract (RHT) (Morin, 1994) . The SCN also receives serotonergic afferent fibers from the midbrain that modulate photic input; selective destruction of these SCN afferents amplifies circadian behavioral responses to light (Smale et al., 1990; Morin and Blanchard, 1991) .
Several serotonin (5-HT) receptor subtypes are found in the SCN (Belenky and Pickard, 2001) . Bilateral enucleation reduces 5-HT 1B binding sites in the SCN by 35% (Pickard et al., 1996; Manrique et al., 1999) , and the 5-HT 1B receptor is located on RHT terminals (Pickard et al., 1999) . Activation of these presynaptic 5-HT 1B receptors in vivo attenuates light-induced 1) behavioral phase shifts (Pickard et al., 1996; Pickard and Rea, 1997) , 2) suppression of pineal melatonin (Rea and Pickard, 2000) , and 3) SCN gene expression (Pickard et al., 1996; Hayashi et al., 2001; Shimazoe et al., 2004) . 5-HT 1B receptor agonists inhibit optic nerve-evoked glutamatergic excitatory postsynaptic currents (EPSCs) in the SCN in vitro (Pickard et al., 1999; Smith et al., 2001) , and these responses are eliminated in 5-HT 1B receptor knockout (KO) mice (Smith et al., 2001) .
Despite the considerable experimental evidence indicating that activation of 5-HT 1B presynaptic receptors on RHT terminals modulates photic input to the SCN, the role these receptors play in the entrainment process remains unclear. Entrainment to standard laboratory 12L:12D lighting conditions appears unaltered in animals lacking functional 5-HT 1B receptors (Sollars et al., 2002) . However, the entrainment of 5-HT 1B KO mice to a 12L:12D regimen does not necessarily indicate that the response of 5-HT 1B KO mice to light is unaltered. Entrainment to a 12L:12D cycle is not a very strong assessment of the capacity of these animals to use photic information to reset their clocks because this genetic strain of mouse (i.e., C57BL/6 with an endogenous circadian period of ≈23.6 h) requires only a small daily phase delay of its endogenous circadian period (i.e., ≈ 0.4 h each day) to entrain to a 24 h L:D cycle. If the response of this 5-HT 1B KO mouse to the phase-shifting effects of light was either slightly attenuated or amplified, it would have been difficult to discern such changes by examining entrainment under 12L:12D conditions. A more stringent test of the functional sensitivity of the circadian system to light is to examine entrainment under varying conditions that mandate a range of daily phase shifts to achieve stable entrainment. This is accomplished by examining entrainment to non-24 h L:D cycles (T cycles). Thus, in an attempt to define the role 5-HT 1B receptors play in modulating photic entrainment, the response of 5-HT 1B KO mice to maintenance in T cycles and also to light-induced phase shifts was examined. The data indicate that 5-HT 1B KO mice have an attenuated response to light.
MATERIALS AND METHODS
Animals. Six-to 10-week-old 5-HT 1B KO and wildtype (WT) mice were used. 5-HT 1B KO mice (Sandou et al., 1994) on the C57BL/6 genetic background were provided by Dr. René Hen (Columbia University, New York, NY). WT mice (C57BL/6J) were obtained from Jackson Laboratory (Bar Harbor, ME). Animals were housed 3 to 4 per cage under a 12:12 L:D cycle (100 lux L:0 lux D) for at least 2 weeks prior to the initiation of experiments. All procedures used in these studies adhered to the guidelines approved by the Colorado State University Animal Care and Use Committee.
Activity rhythms. Animals were transferred to cages equipped with an activity wheel, with food and water constantly available, and maintained in lighttight chambers (6 cages to a chamber). Light in the chamber was provided by a 40-W fluorescent bulb masked at intervals with black plastic, such that each cage received similar illumination as measured at the floor of the cage (approximately 100 lux). Computercontrolled light switches were used to generate T cycles of T = 21 h, 22 h, 23 h, and 26 h.
Wheel-running activity was monitored as previously described (Sollars et al., 2002) . Briefly, wheel revolution data were collected in 5-min bins, and activity records were generated in the standard manner, with each day's activity presented beneath that of the previous day. Data were analyzed using CIRCADIA software (Dr. Ralph Mistlberger, Simon Fraser University) running on a Power Mac 7600/132 computer. The phase angle of entrainment of activity rhythms in T cycles was defined as activity onset relative to lights-off. The period of the free-running circadian activity rhythm in DD conditions was determined as described previously (Sollars et al., 2002) .
Light-induced phase shifts. Light-induced phase shifts were conducted as described previously (Sollars et al., 2002) . Briefly, after 10 days in DD conditions, animals were removed from their wheel-running cages in the dark with the aid of infrared night vision goggles and transferred to a light-stimulation apparatus designed for this purpose. Animals received light pulses (10-min white light at 20 lux) at either circadian time (CT) 16 or 23. The onset of wheel-running activity is designated as CT 12 and was used as a phase reference point. After light stimulation, animals were returned to their wheel-running cages in DD and remained in DD for at least 14 additional days. Lightinduced phase shifts were calculated as previously described (Pickard et al., 1999) by comparing least squares lines extrapolated through 7 days of activity onsets prior to the day of light stimulation and 7 days of activity onsets as soon as a steady-state free run was resumed (1-3 days) after photic stimulation.
Statistical analysis. Differences were analyzed for significance using Student's t test, and data are expressed as mean ± SEM.
RESULTS
Entrainment to T = 21 h. Wild-type (n = 12) and 5-HT 1B KO mice (n = 12) were housed in 12L:12D for 24 days, and all animals were stably entrained with activity onsets initiated at the light-to-dark transition. The lighting condition was then changed to T = 21 h (10.5L:10.5D). A small number of WT mice (3 of 12) reentrained to the T = 21 h conditions with activity onsets initiated between ≈1 and 3 h after lights-off ( Fig. 1A ). The remaining 9 animals, although never fully synchronized to the T = 21 h cycle, showed relative coordination (data not shown). None of the 12 5-HT 1B KO mice had reentrained to the T = 21 h L:D cycle when the experiment was terminated after 45 cycles, although all expressed some degree of relative coordination (Fig. 1B) .
Entrainment to T = 22 h. WT (n = 13) and 5-HT 1B KO mice (n = 11) were maintained in 12L:12D for 43 days before the lighting schedule was changed to 11L:11D for 47 cycles. The T = 22 h L:D cycle was then discontinued, and the animals remained in DD for 47 days. All animals stably entrained to the initial 12L:12D cycle (Fig. 2 ). All WT animals reentrained to the T = 22 h cycle with activity onsets occurring shortly after lights-off (range = 0-60 min; mean ≈ 20 min). Five WT animals reentrained immediately (data not shown), 7 WT animals required ≈ 1 to 2 weeks ( Fig. 2A) , and 1 WT animal needed approximately 4 weeks to reestablish a stable phase relationship with the L:D cycle.
The response of the 5-HT 1B KO mice to the T = 22 h L:D cycle was very different from that of the WT animals; only 4 of the 5-HT 1B KO mice (4 of 11) became stably reentrained, and this reentrainment required between 25 and 40 cycles in 11L:11D. The phase angle of entrainment for these 4 animals ranged between 3 and 6 h after lights-off with a mean of ≈5 h (Fig. 2B ). The wheel-running activity of the remainder of the 5-HT 1B KO mice expressed some degree of relative coordination (4 of 11; Fig. 2C ) or free runs with slight oscillations (3 of 11; Fig. 2D ) throughout the 47 cycles.
When the T = 22 h L:D cycle was discontinued, animals that appeared to be entrained initiated their free run at a phase predicted from their previous activity onsets in the T = 22 h L:D cycle, verifying that they had been entrained ( Fig. 2A,B ). The freerunning period of the mice in DD (τ DD ) ( Fig. 2A '-D') appeared related to the extent to which the animals had been influenced by the T = 22 h L:D cycle (i.e., stability of entrainment and number of cycles to achieve entrainment). All WT mice initially had τ DD s slightly greater than 22 h (22.37 ± 0.05 h, n = 13) estimated between days 2 and 12 in DD ( Fig. 2A') , demonstrating the well-documented after-effect phenomenon resulting from entrainment to non-24 h L:D cycles (Pittendrigh and Daan, 1976a) . The τ DD s of the 5-HT 1B KO mice were initially significantly longer than those of the WT animals (23.24 ± 0.08 h, n = 11; p < 0.001). At the termination of the experiment, the τ DD s (estimated over the last 10 days in DD) of the WT animals had lengthened considerably (23.01 ± 0.08 h), approaching the values of the τ DD s of the 5-HT 1B KO animals (23.55 ± 0.05 h) ( Fig. 2A'-D' ).
Entrainment to T = 23 h (11.5L:11.5D → 9.5L:13.5D). WT (n = 12) and 5-HT 1B KO mice (n = 12) were housed under 12L:12D for 21 days, after which the lighting schedule was changed to T = 23 h (11.5L:11.5D) for 42 cycles. The symmetrical 11.5L:11.5D cycle was then changed to a short-day T = 23 h cycle consisting of 9.5L:13.5D. All animals were entrained to the 12L:12D cycle before entering the T = 23 h cycle (Fig. 3A,B ). All WT mice (Fig. 3A) reentrained to the T = 23 h photoperiod within several cycles. All 5-HT 1B KO mice also reentrained to the T = 23 h cycles ( Fig. 3B ). However, the phase angle of entrainment (i.e., activity onset relative to lights-off) was significantly more delayed for the 5-HT 1B KO mice throughout the 42 cycles in T = 23 h (11.5L:11.5D). As can be seen in Figure 3B , activity onsets of the 5-HT 1B KO animals gradually drifted toward lightsoff over many cycles in 11.5L:11.5D. When the T = 23 h 11.5L:11.5D cycle was changed to the T = 23 h 9.5L:13.5D cycle, the phase angle of entrainment of 5-HT 1B KO mice was noticeably more delayed compared to WT animals ( Fig. 3) .
Entrainment to T = 23 h (9.5L:13.5D). WT and 5-HT 1B KO mice were transferred from 12L:12D directly into a T = 23 h short-day cycle (9.5L:13.5D). After 23 cycles in the short-day T = 23 h photoperiod, the phase angle of entrainment of 5-HT 1B KO mice was significantly more phase delayed than that of the WT animals (5-HT 1B KO = -3.94 ± 0.31 h, n = 8 vs. WT = -2.44 ± 0.49 h, n = 11; p < 0.05) ( Fig. 4 ). This experiment was repeated twice with additional WT and 5-HT 1B KO mice with similar results. The combined data from the 3 independent experiments are presented in Figure 5 . After 21 to 23 cycles in 9.5L:13.5D, 5-HT 1B KO mice (n = 43) were significantly more phase delayed (i.e., by 2.28 h) compared to the phase angle of entrainment for WT animals (n = 34) (5-HT 1B KO = -4.60 ± 0.21 h vs. WT = -2.32 ± 0.28 h; p < 0.0001).
Entrainment to T = 26 h. WT (n = 5) and 5-HT 1B KO mice (n = 6) had been in DD for 35 days prior to entering the T = 26 h (13L:13D) L:D cycle. The T = 26 h cycle was discontinued after 19 cycles, and the animals remained in DD for 14 additional days, at which time the experiment was terminated. As illustrated in Figure 6A , the phase angle of entrainment for both WT and 5-HT 1B KO mice was phase advanced (estimated from the 1st activity onset in DD relative to previous lights-off). However, the phase angle of entrainment was significantly more phase advanced for the 5-HT 1B KO mice compared to the WT animals ( Fig. 6B) (5-HT 1B KO = 4.87 ± 0.19 h vs. WT = 4.07 ± 0.38 h; p < 0.05). The responses of 5-HT 1B KO and WT mice to all the T cycles examined in this study are summarized in Table 1 .
Light-induced phase shifts. Nonsaturating light pulses at CT 16 produced phase delays, whereas light pulses at CT 23 generated phase advances in all animals. Light-induced phase delays were greater than lightinduced phase advances, as expected. Light-induced phase shifts were reduced in the 5-HT 1B KO mice compared to the WT animals. The magnitude of light-induced phase delays of 5-HT 1B KO mice at CT 16 was 72% of that of WT mice, although this reduction was not statistically significant (WT = 1.84 ± 0.33 h, n = 10 vs. 5-HT 1B KO = 1.32 ± 0.21 h, n = 9; p = 0.09). At CT 23, the light-induced phase advances of 5-HT 1B KO mice were significantly reduced and were only 21% of the phase advances of WT mice (WT = 0.33 ± 0.12 h, n = 5 vs. 5-HT 1B KO = 0.07 ± 0.03 h, n = 5; p < 0.05).
DISCUSSION
The principal findings in this study were the observations that animals lacking a functional 5-HT 1B receptor have a greatly reduced capacity to entrain their circadian wheel-running behavior to 21 h and 22 h L:D cycles and significantly altered entrainment to 23 h and 26 h L:D cycles. The behavior of the 5-HT 1B KO mice in the T cycles and to acute light pulses at CT 16 and CT 23 strongly suggests that the response of their circadian system to light is attenuated, with the response to light in the late subjective night most severely affected. The animals displayed an ≈ 80% reduction in light-induced phase advances at CT 23 but only a small reduction in light-induced phase delays at CT 16 (≈ 30%). In previous reports, 5-HT 1B KO mice were also observed to display a small reduction in light-induced phase delays at CT 16 compared to WT mice (≈ 40%, Pickard et al., 1999; ≈ 30%, Sollars et al., 2002) . It had previously been reported that the circadian system of 5-HT 1B KO mice demonstrates an enhanced response to constant light (LL), as evidenced by an increase in τ compared to WT mice (Sollars et al., 2002) . This earlier report may seem to be in conflict with the current findings that strongly suggest that the circadian system of 5-HT 1B KO mice has a reduced response to light. However, the monotonic lengthening of τ with increasing LL intensity in nocturnal rodents is believed to be a function of the relative magnitude of the delay and advance regions of the underlying phase response curve (PRC) to light (Fig. 7A) . It is generally believed that a large delay section (D) and a relatively small advance section (A) are responsible for the increase in τ exhibited by nocturnal rodents in LL (Daan and Pittendrigh, 1976; Summer et al., 1984) . The relatively greater reduction of the acute effects of light on advance phase shifts (≈ 80%) compared to delay phase shifts (≈ 30%) in the 5-HT 1B KO mice shown in this study (Fig. 7A ) suggests an increased D/A ratio in 5-HT 1B KO mice, which would be consistent with 5-HT 1B KO mice expressing a relatively longer free-running period in LL conditions. Thus, the increase in free-running period in LL we previously reported (Sollars et al., 2002) is most likely due to the differential reduction in light-induced delay and advance phase shifts. Taken together, the data are consistent with the interpretation that the circadian system of animals lacking 5-HT 1B receptors is less responsive to light.
Although all the behavioral data from the 5-HT 1B KO mice are consistent with an attenuated response of the circadian system to light, it is not clear why removal of the 5-HT 1B receptor on RHT terminals in the SCN would produce this effect. Activation of these receptors inhibits RHT input to the SCN during both early and late subjective night (Pickard et al., 1996; Pickard et al., 1999; Smith et al., 2001) , and therefore it might have been predicted that removal of the inhibitory 5-HT 1B presynaptic receptor would result in disinhibition of glutamate release from the RHT and an augmented response to light.
The 5-HT 1B receptor is predominately a presynaptic receptor in the central nervous system (Boschert et al., 1994) , modulating the release of other neurotransmitters where it typically has an inhibitory effect on 28 JOURNAL OF BIOLOGICAL RHYTHMS / February 2006 neuronal activity (Mooney et al., 1994; Stanford and Lacey, 1996; Smith et al., 2001) . Although 5-HT 1B receptors are located on RHT terminals (Pickard et al., 1999) , the majority of 5-HT 1B binding sites in the SCN appear to be associated with non-RHT terminals because bilateral enucleation reduces the number of binding sites by only ≈ 35% (Pickard et al., 1996; Manrique et al., 1999) . It is not known on which non-RHT axon terminals 5-HT 1B receptors are located in the SCN. Some may be on 5-HT terminals (autoreceptors) (Manrique et al., 1994) , although the vast majority of terminals in the SCN are GABAergic, arising from neurons outside the SCN and from the extensive local GABAergic network (van den Pol and Dudek, 1993; Castel and Morris, 2000) . Bramley and colleagues (2005) , using the in vitro SCN slice preparation, have reported that 5-HT 1B receptor agonists act presynaptically to inhibit GABA release in the SCN. We suspect that increased GABAergic activity in the SCN of the 5-HT 1B KO mouse (i.e., disinhibition of GABA release) may be responsible for the attenuated response to light in Sollars et al. / PHOTIC ENTRAINMENT 29 these animals. An increased GABAergic "tone" could activate GABA B receptors on RHT terminals, resulting in reduced RHT glutamate release. Using the SCN slice preparation, Jiang and coworkers (1995) have reported that the GABA B receptor agonist baclofen can act presynaptically to inhibit optic nerve-evoked EPSCs in the SCN. Moreover, baclofen injected into the SCN in vivo inhibits light-induced phase shifts and Fos expression (Gillespie et al., 1997; Gillespie et al., 1999) .
The finding that the response of 5-HT 1B KO mice to light in the late subjective night is more greatly attenuated is consistent with entrainment observed under various T cycles, according to the widely accepted model of entrainment of the circadian system to L:D cycles (Daan and Pittendrigh, 1976) . Entrainment is based primarily on a daily resetting mechanism represented by the PRC to light. Stable entrainment results when the daily light-induced phase shift = τ -T, where τ is the endogenous circadian period of the animal, and T is the period of the L:D cycle (Daan and Pittendrigh, 1976) . Thus, when T > τ, light exposure at dusk or early subjective night produces phase delays that are used to reset the circadian clock, whereas when T < τ, light exposure at dawn or late subjective night generates phase advances that are used to reset the SCN clock. Because the endogenous circadian period of the 5-HT 1B KO on the C57BL/6 genetic background (τ DD ≈ 23.6 h; Sollars et al., 2002) is similar to the circadian period of the WT C57BL/6 mouse (τ DD ≈ 23.6 h; Schwartz and Zimmerman, 1990) , the 5-HT 1B KO mice failed to entrain to the T = 21 h cycle because they could not generate the large ≈ 2.6 h daily phase advance required. Similarly, the 5-HT 1B KO mice had great difficulty entraining to the T = 22 h cycle, which required moderately large daily advance phase shifts of ≈ 1.6 h, whereas they were able to entrain to the T = 23 h cycle, which required only small daily phase advances of ≈ 0.6 h. 5-HT 1B KO mice entrained to T = 26 h cycles, where ≈ 2.4 h daily phase delays were required. The lack of entrainment when T < τ is consistent with an attenuated response to light in the late subjective night, whereas entrainment to conditions where T > τ was much less affected, indicating less of an effect during the early subjective night. The reduced capacity of 5-HT 1B KO mice to generate light-induced phase advances is also consistent with the more delayed phase angle of entrainment in the 5-HT 1B KO mice in the 23 h T cycles. If the phase advance region of the PRC to light was blunted, a greater portion of the animals' late subjective night would have been needed to be coincident with light to generate the daily phase advances required for entrainment (Fig. 7B) .
The 5-HT 1B KO Mouse as a Model for Seasonal Affective Disorder Entrainment Effects
Seasonal affective disorder (SAD) was first described by Rosenthal and colleagues (1984) as a subtype of major depression most often characterized by autumn onset of depressive symptoms. Symptoms worsen throughout the winter and then dissipate as summer approaches. Lewy and coworkers (1987) first reported that the circadian system of patients who regularly became depressed in the winter was phase delayed (≈ 1.8 h relative to controls). Morning light therapy phase advanced the SAD patients, resulting in a circadian phase similar to controls, and was correlated with significant clinical improvement (Lewy et al., 1987) . Bright-light therapy has proven to be effective for the treatment of SAD (Lewy et al., 1998; Wirz-Justice, 1998) , especially if timed to maximize the corrective phase advance (Terman and Terman, 2005) .
The mechanisms underlying the pathophysiology of this subtype of depression are poorly understood, although it is believed that 5-HT plays a key role (Schwartz et al., 1999) . Serotonergic agents working via different mechanisms to enhance 5-HT neurotransmission, including d-fenfluramine (O'Rourke et al., 1987) and selective serotonin reuptake inhibitors (Moscovitch et al., 2004) , have been found to be effective in the treatment of SAD. Moreover, circadian and 5-HT-related polymorphisms have been reported in people with SAD (Johansson et al., 2003) .
We suggest that 5-HT 1B receptor abnormalities may play a role in the etiology of the phase delays observed in patients with SAD. The C57BL/6 mouse housed in a T = 23 h cycle must use daily phase advance shifts to entrain similar to humans, who as a species have an intrinsic circadian period greater than 24 h (Czeisler et al., 1999) . The 5-HT 1B KO mouse has a reduced sensitivity to the phase-shifting effects of light, and it has been suggested that patients with SAD may have a reduced sensitivity to light (Lewy, 1990) . SAD patients have a significantly delayed circadian system during short-day (winter-like) conditions similar to the 5-HT 1B KO mouse. The 5-HT 1B KO mouse may be a valuable model to study the relationship between circadian rhythms, 5-HT, and depression. 
